There is a strong demand for a human-machine-coexistent machine, e.g. a power-assist system or a computeraided rehabilitation system, in the context of the super-aging society. In such a human-machine-coexistent system, it is important to guarantee hardware-level safety by utilizing human-friendly actuators. In this paper, we developed two types of compact MR fluid clutches (CMRFC) for human-friendly actuators, which performs about 5Nm torque by applying 1A current and have two different gap-size (50 mm and 100 mm). We tested their static torque. First, we used a conventional MR fluid as a working material of the CMRFCs. Then we used new MRF, which consist of nanosized (104 nm 
INTRODUCTION
Due to the increasing number of aged population, there are strong demands for life-support robot systems, for example power-assist systems and so on, to aid ADL (Activities of Daily Living) of the aged people. In order to develop safe and feasible robot systems that experience direct contact with a human, we need to develop human-friendly actuators to guarantee hardware-level safety. Pneumatic power has been used in many conventional human-friendly actuators. [1] [2] [3] However, pneumatic actuators have low elasticity and in many case it causes difficulties for accurate control. Additionally, pneumatic actuators basically need compressors that increase complexity of the system.
In our previous studies [4] [5] , we have proposed a magnetorheological (MR) fluid actuator. This actuator has three components; an actuation part (motor), a reduction part (reduction system) and a torque transmission part (MR fluid clutch). This perform high speed torque response depending on the rapid response of MR fluids 6) , and guarantee high safety with respect to torque, speed and energy thanks to the interposition of the clutch. This system is suitable for human-machine-coexistent systems like life-support robots.
As a first stage of the development of the MR fluid clutch (MRFC), many researchers [7] [8] have developed single disk-type (or single cylindrical) clutches as shown in Fig. 1 This material has developed to improve characteristics of the conventional MR fluids, for example, sedimentation of particles. This material was filled in one of the CMRFC and its torque characteristics were also tested in this paper.
COMPACT MR FLUID CLUTCH (CMRFC)

Basic Structure
A conceptual drawing of the compact MRF clutch (CMRFC)
is shown in Fig. 2 . A coil is winded around the output shaft and it generates the magnetic flux shown by the dashed line in the drawing. Multi-layered disks are fixed on the input shaft (or casing) and the output shaft, and the MRF is filled between these disks. As shown in this figure, multi-layer structure is utilized to amplify output torque of the device. However, to make effective use of the viscous change of the MRF, we need to impress a sufficient magnetic flux on the MRF layers. consist of micro-sized particles (1 ~ 10 mm), the particles could causes unstable responses of the device with the micro-sized gap. Therefore, in this study, we also try to develop a new MRF with nano-sized particles for the narrow gap structure.
Basic Design Method and Goal
We formulated design methods to estimate static torques of the CMRFC. An analysis is performed as follows;
(1) Geometric design of a CMRFC with 3-D CAD software, property and their yield stress can be controlled by application of the magnetic field. Additionally, the effect of shear rate to shear stress is not significant. Therefore we can calculate the transmission torque of the CMRFC from the yield stress of the MRF.
In this paper, we decided to develop a CMRFC which can generate approximately 5Nm as a torque with an application of the electric current of 1A. We call these device 5Nm-class CMRFC, and will discuss several design parameters of them in the following section. 
Effect of Gap-size
As a basic model, we decide 50 mm as a gap size for the MRF layers. However, more detailed analysis is needed because the gap size relates with other factors, for example required processing accuracy, assembling accuracy, cost and so on. It is hard task to accurately maintain 50 mm-gaps for multi-layered disks. Then we analyzed more detailed condition on the gap-size with same conditions for other design parameters (the number and diameter of the disks, and so on). As shown in this figure, the increasing gap-size causes the reduction of the maximum torque; however, due to the nonlinear magnetic characteristics of the materials, the gap-effect becomes small in high current region. For example, torque ratio of 50 mm-gap to 100 mm-gap at 0.4 A of the electric current is about 1.6; however, that at 1.0 A is about 1.1. If we consider total cost / performance factors, it would be better to use 100 mm-gap or larger gaps in the practical devices. In this paper, we decided to develop two types CMRFC by applying 50 mm-gap and 100 mm-gap, and test their static torque experimentally. Fig. 3 . Magnetostatic analysis of a CMRFC. 
5Nm-class CMRFC
On the basis of the multi-layered structure (Fig. 2) , we developed the 5Nm-Class CMRFCs. Figure 6 shows a picture and a cross-sectional view. Table I shows specification data of the 5Nm-Class CMRFC. Multi-layered disks are fixed with an accurate gap of 50 mm or 100 mm. The MRF (Lord Corp., 140 CG) is filled between these gaps.
When we use this device as a clutch, a flange is fixed on a casing and the casing is rotated as an input part of the clutch.
On the other hand, we can use this device as a compact MRF brake by fixing the casing on an immovable part. A piston mechanism is used to prevent a leak of the MRF from a thermal expansion. The core of the electromagnet is made of silicon steel. The casing is made of aluminum. The diameter of the magnetic wire is 0.2 mm. Figure 7 shows the experimental setup to test torque characteristics of the CMRFCs. This system includes following parts; (1) A direct drive motor (NSK corp., Japan) on the right hand of the system, (2) A belt-pulley system to connect the motor and target devices on the top of the motor, of the clutch was fixed on an immovable plate and the output shaft was rotated by the servo-motor with constant speed.
EXPERIMENT
Setup
Result
Static torque tests were conducted. Rotational speed of the output shaft was controlled at 3.0 rad/s accurately. An electric current was applied at a constant value and an average transmission torque was measured. The experimental results 
MR FLUID USING NANO-SIZED Fe PARTICLES
Purpose and Material Preparation
The majority of existing MRF is composed of micron-sized
Fe particles suspended in a nonmagnetic carrier fluid. The particles may lead to unwanted abrasion of the components in contact with the fluid. Also, they are susceptible to settling in the absence of frequent mixing due to predominant gravity forces. Nanoparticle dispersed fluid would be desirable. surface effect of the nano-sized particles, we cannot find significant particle-settling for more than several months. Figure 10 and 11 show a B-H curve and yield stress property of the nano-MRF, respectively. The B-H curve of the nano-MRF was measured by using VSM (VibratingSample Magnetometer) for the examination body that distributed the particle of the same volume density to epoxy resin. The characteristic of yield stress vs. magnetic flux density was measured by using a combined system of the electromagnetic system (MR-100N, EKO Instruments, Japan) and the viscometer (RheoStress600, HAAKE, Germany). The measured temperature was 25 degrees C. With these data, we can estimate static torque of the CMRFC using the nano-MRF as mentioned in the section 2.2.
Torque Characteristics of The Nano-MRF in The 5Nm-class CMRFC
In order to test viscosity-change characteristics of the nano-MRF, we filled the fluid in the 5Nm-Class CMRFC with
50 mm-gap and tested torque response of it. The experimental setup and conditions are described in the previous sections. According to the comparison between analytic and experimental results, they indicate good similarity even when we use 50 mm-gap in the case of the nano-MRF. This would present that the nano-MRF is sufficiently filled in the 50 mmgap, which is different from the case of the conventional MRF. We need more advanced study to clarify this fact.
CONCLUSION
In this paper, we developed two types of compact MR fluid clutches (CMRFC), which performs about 5Nm torque by applying 1 A current and have two different gap-size (50 mm and 100 mm). We tested their static torque. First, we used a conventional MR fluid as a working material of the CMRFCs. Then we used new MRF, which consist of nanosized Fe particles. According to the experimental results, gapsize affects not only magnetic property but also easiness of filling of MRF (or particles). We should consider the gap-size depending on the particle-size. 
